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ABSTRACT

In Sec. 1I the results of a mathematical study of a proposed multi-
plexer design technique are presented. Using this technique a separate
channel unit is used for each channel that is to be separated out.

Each channel unit consists of a band-pass filter and a band-stop filter.
At the frequencies to be separated by a given channel unit, the band-

pass filter will pass the signal to be separated, while the band-stop
filter blocks any energy from escaping down the main transmission line,

At frequencies outside the band to be separated, the energy flows through
the channel unit without attenuation. It is shown that such units can

be designed to have a constant-resistance input impedance, hence, in
theory, any number of units can be cascaded without interaction effects.
Each channel unit has properties similar to those of a directional filter,
but such channel units should be much easier to design and tune than are

equivalent multi-resonator directional filters.

In Sec. IIl, techniques for the design of magnetically tunable band-
stop filters using ferrimagnetic garnet resonators (such as yttrium-iron-
garnet spheres) are presented. Design for prescribed response, starting
from a low-pass lumped-element prototype filter is outlined. The filter
structure consists of a strip line or waveguide with garnet spheres
mounted at intervals of approximately a quarter wavelength or three
quarters wavelength, at the center of the tuning range. Tuning is
achieved by varying a biasing magnetic field. Techniques for enhancing
the coupling to the garnet-sphere resonators are discussed, and the
results of experiments to verify the theory are presented. The band-stop
filter techniques are shown to also provide a very simple means for

measuring the ferrimagnetic resonance linewidth AH of garnet spheres.

In Sec. IV a study of the use of varactor diodes for tuning trans-
mission line resonators for a proposed form of bund-pass filter phase
shifter is discussed. One of the problems encountered is that unless
special precautions are taken the unloaded Q of the resonator will vary
greatly as the resonator is tuned. Means for avoiding this difficulty
are outlined.

iii



In Sec. V the experimental results obtained from a trial inter-
digital filter with capacitively loaded resonators are presented. Design
theory for such filters was presented previously, and the measured
results were in good agreement with the theory. This filter had a
bandwidth of roughly an octave centered at about 1.5 Ge. The interesting
features of this filter are its very small size and its very broad
upper stop band. The filter was without additional pass bands or
spurious responses up to the second pass band, which was centered at
6.7 Ge.
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coaxial-line microwave filters and related microwave components.
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I INTRODUCTION

A problem that occurs quite frequently in complex microwave systems
is that of designing multiplexers to break up a large band of signals into
a number of separate channels, with the signals in the various channels

well isolated from each other. In the past, directional filters have ap-

peared attractive for this purpose because, in theory, they have a constant-

resistance input impedance; thus it should be possible to cascade a

large number of directional channel-separation filters without harmful
interaction effects. However, in practice, directional filters have not
proved as desirable as might be expected because the mechanically simple
types are difficult to design and tune when many resonators per filter are
involved, while the types that are easy to tune are physically complicated
(they involve two filters and two hybrid junctions per channel-separation
unit). In Sec. II of this report, a mathematical analysis is made of the
potentialities of another form of channel-separation unit, which should be
easy to tune, which need not be physically complicated, and which can (in
theory) he designed to have the constant-resistance properties (or nearly

constant-resistance properties) of a directional filter.

In previous work on Contract DA 36-039 SC-87398, considerable study
has been made of design techniques for magnetically tunable filters em-
ploying ferrimagnetic garnet resonators. In Sec. III of this report, the
results of additional work of this sort is presented. Most of the past
work has dealt with band-pass filters, while the work discussed in Sec. ITl
treats band-stop filters such as would be desirable for the elimination of
a single interfering signal. This work has also led to an unusually simple
means for measuring the resonance linewidth All of a ferrimagnetic material.
This is of importance in evaluating the quality of garnet spheres for use

in magnetically tunable filters.

On Contract DA 36-039 SC-74862, a number of different possible tech-
niques for electronic tuning of microwave filters were evaluated including
tuning by use of ferrites, electronically tunable up-converters, and tuning

of resonators by use of varactor diodes as voltage-controlled capacitors.
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The varactor diode approach was shown to be impractical for typical micro-
wave filter tuning applications because of the relatively low Q of presently
available diodes. However, in Sec. IV of this report, the design of reso-
nators tuned by varactor diodes is evaluated for use where very limited
tuning range is required. A proposed case of this type is a band-pass
filter type of phase shifter. One of the problems treated is the problem

of design of the resonator so as to give a reasonably constant unloaded

Q as the tuning of the resonator is varied.

In the Final Report for Contract DA 36-039 SC-87398, design theory
was presented for interdigital filters having capacitive loading on the
resonators. Such filters were predicted to have advantages of very small
size and the capability of having a very broad stop band above the pass
band. In Sec. V of the present report, the experimental results obtained

from a trial design are presented.



IT MULTIPLEXERS

A. GENERAL

This section discusses the design of multiplexers that have narrow
bandwidth transmission channels separated {rom adjacent channels by guard
bands. A schematic representation of a multiplexer of a particular design
that is being investigated is shown in Fig. II-1. The band-pass and band-
stop filters adjacent to each other in the figure are designed to work
conjunctly. In a frequency interval in which Channel 1, for example, is
to receive energy, the band-stop Filter 1 is designed to stop transmission
of the signal energy, thus isolating the other channels. At the same time
the band-pass filter comprising Channel 1 is designed to accept the signal
energy. At frequencies outside of the pass band of Channel 1, the band-

. pass and band-stop filters are designed so that their residual reactances
tend to cancel each other. This minimizes interchannel interference and

the resulting energy reflections.

This method of design can analytically be shown to give unity VSWR
at the multiplexer input at all frequencies if one uses maximally flat,
singly terminated filters for both the band-pass and band-stop filters

of the multiplexer. A requirement on these filters, however, is that

CHANNEL | CHANNEL 2 CHANNEL n
Re, R Ri,,
{1 ! I
[BAND-PASS BAND-PASS BAND - PASS
S Ses | i)
FREQUENCY FREQUENCY 'FREQUENCY
w wp Wn )
W [_1 l L _J LT
BAND-STOP BAND-STOP BAND-STOP
FILTER | FILTER FILTER
Eq CENTER CENTER s e 0 CENTER R
FREQUENCY FREQUENCY FREQUENCY
U' Uz Un
o O e}
w, UNIT w, UNIT w, UNIT

ns-atae o

FIG. 1I-1 SCHEMATIC REPRESENTATION OF A MULTIPLEXER
OF A PARTICULAR DESIGN




any pair acting conjunctly have the same number of reactive elements.

In that the multiplexer of Fig. II-l can theoretically give unity VSWR
at all frequencies, it is similar in its behavior to multiplexers that
1‘

use multi-resonator directional filters. However, the design of

Fig. II-1 offers the practical advantage that it should be considerably

easier to tune than multiplexers using multi-resonator directional filters.

A singly terminated low-pass filter prototype is shown in Fig. II-2.
It is designed on the premise that it is to be driven by an infinite-
impedance current generator. The singly terminated filter has the prop-

erty that

1

Ry

01 P— (II-1
10 log,, Re(Z;n] )

20 log,,

L

Therefore, the transmission response has the same type of behavior

as the real part of the input impedance.

r l“::= l:&:‘: I j

’ '} 4 ’
I 3R G Cyo, Cq"8s 1
= .I I l .'.l".l an

']
Zin
2-3821-00

FIG. 1l-2 LOW-PASS LUMPED-ELEMENT PROTOTYPE FILTER
DRIVEN BY AN INFINITE-IMPEDANCE CURRENT GENERATOR

A maximally flat singly terminated low-pass filter having a 3 db
cutoff frequency at ' = w; has a normalized real part of

Re(Z] (o")] 1 (11-2)

R", ‘w' 2n
e (3)
fl)l

where n is the number of reactive elements in the filter. We will use

Eq. (II-2) to demonstrate that use of maximally flat, singly terminated

* Meferences for each section sre growped at the end of the section.

4
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filters as prototypes for the band-pass and band-stop filters of the
multiplexer of Fig. II-1 can result in a multiplexer design that, theo-

retically, has unity VSWR at all frequencies.

B. MULTIPLEXER DESIGN USING SINGLY TERMINATED FILTER
PROTOTYPES
A suitable transformation for obtaining a high-pass filter design

from a low-pass filter design in the case of lumped element filters is

¢
@

1
- = — . (I1-3)
wl <m
('rl;
This transformation corresponds to replacing in the low-pass filter all
inductors of value L' by capacitors of value 1/L'; and all capacitors of
value C' by inductors of value 1/C’. Substituting Fq. (JI-3) into

Eq. (II-2) gives, for the Re[Z/ ]1/R; of the high-pass filter, the

expression

&
Re(Z;,1) w!’
{—-n—,:-} 2 —"'—l"——z— . (11-4)
\ 0 high-pasas 1 + <&;) "

“

If the low-pass and high-pass filters are arranged in series, we have

{ne[z;,l} { Be[Z'“]}
[ 44—
Ho low-pass Ro high-pasa

Using Bode's integral relationship relating real and imaginary parts of

minimum reactance networks? it can be shown that when Eq. (II-5) holds,

Im [2],) Im [7; ]
—_— ot ‘———7;7-3" = 0 . (11-6)
Ro lowepass 0 high-paas

1 . (II-5)



Figure IT-3(a) shows the proper physical arrangement of the prototype
low-pass and high-pass filters to realize Eqs. (1I-5) and (II-6). In

Fig. 11-3(a), Z,c represents the input impedance of the low-pass filter
and is given in normalized form by Eq. (II-2); Z.p represents the input
impedance of the high-pass filter and is given in normalized form by

Eq. (I1-4); Z,, is the sum of Z,, and Z_,, and by Eq. (II-5) is unity
(normalized with respect to the load resistor) at all frequencies. Thus,
by selecting the generator resistance equal to the load resistance, the
VSWR seen at the terminals A-B in Fig. II-3(a) is unity at all frequencies.
The low-pass and high-pass filter attenuations corresponding to the cir-

cuit of Fig. II-3(a) are sketched in Fig. II-3(b).

'

RC* Ry
PORT 2
—{b—— Low-Pass FILTER
. Cs 1"
Lz‘ .
C
| o
R 1 o . G HIGH-PASS FILTER
3ot Tac c "
hid e
PORT ‘ ' PORT 3
£ z z Lsd U-'|f $R! «R!
9 ap cs Y ¢ SR =Ry
Bl sl
- osaes

FIG. 1-3(a) SCHEMATIC SHOWING THE ARRANGEMENT OF THE PROTOTYPE
LOW-PASS AND PROTOTYPE HIGH-PASS FILTER

HIGH-PASS FILTER RESPONSE
_-~ (ATTENUATION, PORT 1 TO PORT 3)
. ,
1
8 LOW-PASS FILTER RESPONSE
5 (ATTENUATION, PORT | TO PORT 2)
F
W
s
<
3
]
° 10 oy

NORMALIZED FREQUENCY

ng-e300-y

FIG. 11-3(b) CORRESPONDING FILTER RESPONSES OF THE CIRCUIT OF (a)



Next to be shown is that the multiplexer of Fig. 1[-1 may be realized
from the basic prototype circuit given in Fig. I1-3(a). To demonstrate
this, the low-pass and high-pass filter of Fig. I1-3(a) are converted to
band-pass and band-stop filters, respectively, The conversion is accom-

plished mathematically through the frequency transformation

, w i w (A)J.‘ . '
@' m = — , (11-7)
| 4 (L)j ()]

where
w' is the frequency variahle of the prototype filters,
w 1is the frequency variahle of the hand-pass and band-
stop filters,
w; is the center frequency of the band-pass and band-
stop filters for channel j, ’
w 1is the fractional bandwidth of the band-pass and band-
stop filters, and is defined by the equation
w =
b
v = — , (I1-R)
2
1
where w, and «w  are the frequencies at which the ' = wl.

Physically, the transformation (11-7) corresponds to replacing in
the low-pass and high-pass filters:

(1) A1l inductors of value L' by a series combination of inductor
and capacitor of value L and C where

wl’

'
[ONOM
17

(1I1-9)

,I
)
e

weo, L !
J

(2} All capacitors of value C' by a parallel combination of

capacitor and inductor of value C” and L where
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CH - -
wow,
J
(11-10)
(l)“
L n - l

-
L}
weo (0
J

~As a result of the transformation (T1-7), tte circuit of Fig. 1T-2(a) is
transformed into that of Fig. IT-4(a) and the response of the circuit of
Fig. IT1-3(a) 1is transformed into that of Fig. II-4(b). Note that the
identities, Eqs. (II-5) and (1I-6), are not affected by the transformation,

so that the impedance Z,, remains

Z.pg ® R‘
at all frequencies. Since the band-pass and hand-stop filters act con-
junctly to give a constant input resistance independent of frequency, the
terminating resistance of the band-stop filter at Port 3 may be replaced
by another pair of band-pass and band-stop filters acting conjunctly,
without affecting the performance of the preceding pair of filters. The
only requirement is that the input resistance of each pair must equal the
proper terminating resistance of the preceding band-stop filter. By
spacing the center frequencies of each pair of filters, the multiplexer
response of Fig. TI-5 is obtained and a multiplexer of the type given in

Fig. II-1 is achieved.

Chebyshev singly terminated filters may also be used for the various
band-pass and band-stop filters of the multiplexer. However, these filters
do not have the desirable property of Eq. (I1-5). This means that residual
reactance will appear throughout the pass band of the multiplexer, re-
sulting in inter-channel interference and non-optimum transfer of signal
energy between source and load. On the other hand, the Chebyshev filter
has a greater rate of attenuation outside the pass band than the maxi-
mally flat filter of the same number of elements. Therefore, for some
purposes, it may be desirable to use Chebyshev filters, if the residual
reactance can be tolerated for the particular application of the

multiplexer.
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FIG. l1-4(a) SCHEMATIC OF THE BAND-PASS AND BAND-STOP FILTERS
DERIVED FROM THE PROTOTYPE FILTERS OF FIG. H-3(a)
BY TRANSFORMATION (tI-7)
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FIG. II-5 HYPOTHETICAL IDEALIZED RESPONSE OF THE MULTIPLEXER
OF FIG. II-Y CONSTRUCTED FROM MAXIMALLY FLAT SINGLY
TERMINATED BAND-PASS AND BAND-STOP FILTERS

C. MULTIPLEXER DESIGN USING OTHER FILTER PROTOTYPES

In some applications, it may be desirable to design the band-stop
filters with fewer resonators than are used in the band-pass filters.
If this could be satisfactorily accomplished, there would result a con-
siderable simplification in the tuning and a reduction in size and weight
of the multiplexer. A procedure for such a design is described in this
part. It is based upon using singly terminated prototype filters for the
band-pass filters and doubly terminated prototype filters (i.e., filters
that are designed to be driven by sources having finite, non-zero

impedances) for the band-stop filters.

In the following discussion, we use only low-pass and high-pass
filters in the examples in order to simplify the design procedure and the
graphs of the worked examples. However, the resulting filter designs and
responses may be converted into the proper band-pass and band-stop filters
and responses by suitable transformations, such as Eq. (I1-7). In the
following discussion the low-pass, high-pass filter configuration of
Fig. I1-3(a) will be referred to as a prototype channel unit of the mul-

tiplexer of Fig. II-1.

10
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The design procedure is based on the fact that outside the pass band
of the low-pass filter, Z,, [See Fig. 11-3(a)] tends to look capacitive,

In fact, an asymptotic series for the Im [Z‘c(w)] is

1 1 1
+ + + ..., (rr-31)

@y () (ang) S

Im [Z“(w)] | =

If the value of 4, cang?gudiscovered in a truncated asymptotic series*, we
can identify this con;tant with -an equivalent capacitor, ch' which 1s in
series with the high-pass filter. Once C.q is known, a doubly terminated
high-pass filter whose leading element is C'q can be designed. By
selecting the proper filter design prototype, the residual off-band VSWR

can be limited to less than any desired value.

Assuming that this can be done and that the off-band VSWR is suffi-
ciently small, other channel units may be cascaded with the first channel
unit with only small interaction. The number of channel units that can
be cascaded will depend on the extent to which the residual VSWR's of the
units build up, and upon the performance required for the particular ap-
plication of the multiplexer. We point out that this design method
focuses attention upon minimizing the residual VSWR in the off-band region
and does not directly consider the annulling of the reactance of the low-
pass filter in its pass band. Therefore, the method may or may not ad-

versely affect the pass-band attenuation of the low-pass filter.

A computer study of the prototype of Fig. I1-3(a) was made in which
the number of elements of the high-pass prototype filter was increased
from one element to two, to three, and so on, until the low-pass proto-
type filter and the high-pass prototype filter had the same number of
elements. In the study, the low-pass filter was either a four-element
maximally flat, or a 0.5-db ripple Chebyshev singly terminated filter.
The high-pass filters were designed on the doubly terminated basis as
described before. The results of the computer study are given in

Figs. 1I-6, I1-7, II-8, and 1I-9.

Figure I1-6 shows the channel unit VSWR for cases in which the low-

pass filter is a four-element maximally flat filter, designed on the

* If the asymptotic series of Eq. (II-11) is mot truncated, them 4, = C.q ‘-

11



20 —— : :

N — THE NUMBER OF REACTIVE ELEMENTS
IN THE HIGH-PASS FILTER

VSWR

[ T .
) 04 0.8 1.2 1.6 20 24 28 32 36
. NORMALIZED FREQUENCY — u'/a!

RA-43ae-i0

FIG. II-6 VSWR OF THE PROTOTYPE UNIT USING MAXIMALLY FLAT FILTER PROTOTYPES

singly terminated basis. The low-pass filter has a 3-db cutoff frequency
of ' = w] The VSWR is computed from

. |z‘, +R, |+ lz“ - R" ' (11-12)

|Z“+R‘ = ZAB_R¢

The symbol N in Fig. II-6 represents the number of reactive elements seen
when viewing the high-pass filter at the terminals C-B of Fig. II-3(a).

We note again, however, that the high-pass filter is designed from a
doubly terminated prototype of (N + 1) reactive elements, wherein C__ is
the leading element of the (N + 1)-element high-pass filter. The case

N = 4 is not shown in Fig. II-4 because it has previously been shown that,
for maximally flat filters, when the low-pass and high-pass filters have
the same number of elements, unity input VSWR is theoretically obtained

at all frequencies,

The corresponding cases using a four-element, 0.5 db ripple Chebyshev
singly terminated prototype low-pass filter are given in Fig. II-7. The
high-pass filters had one, two, and four reactive elements. The filters

having two and four reactive elements are designed from 0.1 db ripple

12
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FIG. 11-8 PASS-BAND ATTENUATION OF THE LOW-PASS FILTER OF THE PROTOTYPE UNIT,

USING MAXIMALLY FLAT FILTER PROTOTYPES
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FIG. 1I-9 PASS-BAND ATTENUATION OF THE LOW-PASS FILTER OF THE PROTOTYPE UNIT
USING CHEBYSHEV FILTER PROTOTYPES
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doubly terminated Chebyshev prototypes. The N = 1 filter is a special ;
case in which the value of the inductive element of the high-pass filter :
was chosen numerically equal to Ceq. In this instance it can be shown

that, for L = C.q,

w'L

. 1 'L 1
Z, ") = + j{ ° - . (I1-13)
, +_< 1 )2 1+ (w’L)’ W Leq .

As o' increases, the Re[Z,,] approaches unity and the Im[7,,] approaches zero.

Comparing Figs. I1-6 and T1-7 shows that designs using maximally
flat filters offer better over-all VSWR's over designs using Chebyshev
filters, although the off-band VSWR when using Chebyshev filters could

be reduced by designing from smaller ripple high-pass prototypes.

Figures II-8 and II-9 give the pass-band attenuation of the maxi-
mally flat and Chebyshev cases, respectively. The designs using
Chebyshev filters are seen to cover the pass-band with smaller attenua-
tion and also have a greater rate of attenuation after cutoff than the

corresponding maximally flat cases.

In the previous p-ragraphs a design method for the synthesis of the
basic channel unit of the multiplexer of Fig. II-1 (i.e., a band-pass and
band-stop filter acting conjunctly) was given and worked examples
presented. The method depended on estimating the of f-band reactance of
the low-pass prototype filter and approximating this reactance by a lumped
capacitance, which was denoted as C.q. [t has been found that suitable
approximations for C.q are given hy

c = C, (1 +4) ) (11-14)

where C, is the capacitor at the A-C terminals [Fig. 1I-3(a)] of the low-

pass filter prototype; and A is a small number that typically ranges as
0.01 <A<0.15 . (11-15)

No rule is stated for determining A; ‘however, there are these guide-lines:

16
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(1) The value of A used for a Chebyshev filter of n elements
will be less than for a maximally flat filter of n elements.

(2) For both Chebyshev and maximally flat filters, A decreases
as the number of elements in the filters increase.

D. EXPERIMENTAL WORK

The structure of Fig. 1I-10(a) is presently being investigated to
determine its merits as a multiplexer prototype unit consisting of a band-
pass and band-stop filter acting conjunctly. The approximate equivalent
circuit for the structure of Fig. II-10(a) is given in Fig. II-10(b).
Figure II-10(a) represents a single cavity band-pass filter that is
coupled to the main waveguide by a rectangular slot in the broad wall of
the waveguide, and a single cavity resonator that is coupled to the wave-
guide by a longitudinal slot i1n the narrow wall. The slots are intention-
ally close togetherv(in terms of operating wavelength) because the purpose
of the experimental work is to determine whether two filters oriented in
this manner can be sufficiently de-coupled to perform satisfactorily in
the pass band and also give sufficiently small off-band VSWR to permit

cascading several similar structures.

It is anticipated that the two coupling slots will be mutually coupled
by the evanescent fields about the slots, but it is hoped that the partic-
ular physical placement of the slots will minimize this effect. Should the
configuration of Fig. II-10(a) prove satisfactory, considerable saving in

length of the multiplexer will result.
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(b) RA-4344-14

FIG. 11-10 MULTIPLEXER CONFIGURATION UNDER STUDY
(a) Physical arrangement of the single resonator filters
(b) Approximate equivalent circuit
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ITI MAGNETICALLY TUNABLE BAND-STOP FILTERS,
AND A SIMPLE TECHNIQUE FOR GARNET LINEWIDTH MEASUREMENT

A. GENERAL

Magnetically tunable filters are of interest for applications where
it is desired to hlank out an interleriug signal, using electrontic con-
trol to adjust the blanking frequency. One possible application for
this type of device is in comhination with a swept-frequency superhet-
erodyne receiver. A narrow-band, magnctically tunable band-stop filter
could he used to eliminate the image response of such a receiver: As
the receiver operating band is swept, the stop hand of the filter could

also be swept so as continuously to eliminate the image response.

The resonators of the filters under discussion use ferrimagnetic
vesonance in spheres of such material as single-crystal, yttrium-iron-
*
garnet. (YIG).! [n YIG resonators, the resonant frequency can bhe

controlled by varying a biasing, dc magnetic field. 2 Vigure tI[-1

o
h-
=5 (L‘)mnx
Af
‘ ) TYPICAL SPURIOUS
_j 4 “RESPONSE
0 | 3db L’
o to L v
FREQUENCY

na s3eaus

FIG. Ill-1  DEFINITION OF BAND-STOP FILTER RESPONSE PARAMETERS

]
References for Sec. 111 are grouped st the end of the section,
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shows a typical band-stop filter response obtainable using ferrimagnetic
“resonators. Note that a small spurious response is indicated. Such
responses result from higher-order magnetostatic-mode resonances, as
occur from non-uniformities in the dc or RF fields within the resonator

spheres,

STRIP — LINE
GROUND PLANES CENTER CONDUCTOR

YIG SPHERES

INPUT QUTPUT

[ = v - —_

’d o o

WL L Ll L Ll T P P P Ll P Ll

4-3827-020

FIG. 111-2 A MAGNETICALLY TUNABLE STRIP-LINE BAND-STOP FILTER

Figure [T1-2 shows one form of strip-line, band-stop filter, which
can be tuned by varying the biasing field strength H . The filter shown
uses three YIG resonators, each of which is magnetically coupled to
the strip-line center conductor. Figure I[I[-3(a) shows an equivalent
circuit for a ferrimagnetic resonator with its magnetic coupling to
the transmission line. [In the vicinity of resonance, the circuit in
Fig. [II-3(a) can be replaced by the circuit shown in Fig. I1I[-3(b).
Thus, in the vicinity of resonance, the [ilter in Fig. I[I-2 may be
viewed as having three anti-resonant circuits connected in series with

lines approximately a quarter-wavelength long,

Figure [1I-4 shows a waveguide version of the filter in Fig. [T[-2.
In this design, the region in which the YIG spheres are located uses
reduced height guide in order to increase the coupling to the YIG reso-
nators. Step transformers are used at the ends of the reduced-height
section in order to provide a good impedance match. In some cases it
may be necessary to space the spheres by approximately three gquarter-
wavelength instead of one quarter-wavelength, in order to avoid direct

coupling between spheres.

20
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(a)

L.

e

Yo w Yo

(o)

A-3527-641

FiG, 111-3 EQUIVALENT CIRCUITS OF A YIG SPHERE COUPLED
TO A STRIP LINE AS SHOWN IN FIGS. H1-2 AND II1-4

In this figure, resonator losses are neglected

b —— ——
- T

(b)TOP VIEW

LR

FIG. 11l-4 A FOUR-RESONATOR MAGNETICALLY TUNABLE
WAVEGUIDE BAND-STOP FILTER
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Figure III-5 shows another form of strip-liné band-stop filter
structure to bhe treated herein. In this case, part of the center con-
ductor is replaced by a low-pass filter structure consisting of sections
of high- and low-impedance transmission line, which simulate series
inductances and shunt capacitances, respectively.*’ This configuration
may make possible a more compact structure, so that smaller magnet pole
faces can be used. [t will be shown that this form of structure permits
tighter coupling to the resonators (which will result in a broader stop-
band width and higher mid-stop-band attenuation). A similar effect can

be obtained in waveguide by using a corrugated waveguide filter structure.®®

Ho
GROUND PLANES

METAL CAPACITOR BLOCKS . = RELATIVELY
‘ S HIGH IMPEDANCE
DIELECTRIC - LINE SECTIONS

L T L L LY, 7 T 77777
7 ’ '
-] h Yo
L Ll L L e Rl e e e e ?
éTllP-LINE Y@ SPHERES

CENTER CONDUCTOR
A-3527-642

FIG. Ill-5 A SUGGESTED MAGNETICALLY TUNABLE BAND-STOP FiI LTER
CONFIGURATION THAT PERMITS INCREASED COUPLING
TO THE YIG SPHERES

B. BAND-STOP FILTER DESTIGN EQUATIONS

We will now briefly define the necessary quantities and summarize
the filter design equations needed for the design of magnetically tunable
band-stop filters. Low-pass prototype filters, from which the band-stop
filters discussed herein are designed, are shown at (a) and (b) in
Fig. I1II-6. Note that the element values are defined in terms of param-
eters g.,g,18y1+--18,4,+ Typical maximally flat and Chebyshev responses
for such filters are shown at (c) and (d) in Fig. III-6. Note that a
band-edge frequency w; is specified. FElement values for prototype low-

pass filters of these types have been tabulated.
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FIG. 1ll1-6 LOW-PASS PROTOTYPE FILTER
(@) and (b) Four basic circuit types, defining the parameters g4, 9y, -+os 9,4
{c) and (d) Maximally flat and equi-ripple characteristics,
defining the band edge ..
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- ing-te- w” =.® for the low-pass prototype, and band-edge frequencies w

Figure I11-7 shows the relations that will be used to obtain the
band-stop filter design from the low-pass prototype. Note that the
band-stop filter responses shown have a center frequency w, correspond= '’

and w,, which correspond to the band-edge frequency w; of the prototype.

2'
Equation (1), shown in Fig. III-7, can be used to map the response of
the low-pass prototype into the corresponding response for the analogous

band-stop filter.

A quarter-wave coupled band-stop filter using resonators of the
form in Fig. [[1-3(b) is shown at (b) in Fig. I[I1-7. The design equa-
tions necessary for the design of the filter from a low-pass prototype
are also given. The resonators of the filter are characterized by their
resonant frequency o, (which is the same for all of the resonators) and
and their susceptance slope parameter &‘. The susceptance slope param-

eter of a resonator is defined as

i | .
: = (I1L-1)
u(.o
where Bi is the susceptance of the resonator. Note that 6i has the

dimensions of susceptance; for a lumped-element resonator such as that

in Fig. [II-3(b), %i = wy(,, where C, is the capacitance of the capac-
itor. FEquation (III-1), however, applies regardless of the form of the
resonator, as long as the resonator exhibits a parallel-type of resonance
(i.e., B,= 0 at resonance). If a resonator with a slope parameter of

&i is shunted by a conductance GG,, the Q of the combination is

G

Q. =

t

(I1[-2)

tquations (1) through (3) of Fig. [[1-7 can be used to map low-pass

prototype filter responses®

so as to find the number of resonators re-
quired to give the desired rate of cutoff, along with the desired form
of pass-band characteristic. After a suitable low-pass prototype
filter has been selected, the susceptance slope parameters required for
the resonators of the band-stop filter can he computed in normalized

form using Eqs. (4) and (5) of Fig. [L[-7. Note that for simplicity
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FIG. 111-7 EQUATIONS FOR THE DESIGN OF BAND-S TOP FIL TERS FROM LOW-PASS PROTOTYPES
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and practicality, the equations in Fig. [Il-7 have been restricted to
the case where g = g, ,,. Chebyshev fiiters with n odd and all maxi-
mally flat filters satisfy this condition, provided that they are
designed for minimum pass-bhand reflection loss. After the required
normalized resonator slope parameters are determined, the required
ferrimagnetic resonator properties can be determined, as explained in

Part C of this discussion.

Because of the finite 's of practical resonators, the attenuation

at wy does not go to infinity, but levels off at some linite value

(L,),., as indicated in Fig. TII-1. To a good approximation,

(Lh)m.x = 20 logIO [(Dlnz...D")(glgz...g“)]
4
+ 10 loglo (—————) dh (111-3)
g()gn*l
where
b, = ww;(Ou)i (TI1-4)

and (Q ), is the unloaded ) of the ith resonator.

A case of special interest is that where an equal-element prototype
having g, = By = By = +o- Bpay = 1 is used. This leads to a band-stop
filter having all of its resonators exactly the same. [In this case,
tqs. (4) and (5) of Fig. III-7, and Eq. (II[-3) above, reduce to

b
— . L (111-5)
YO izl ton wllw
and
(Ly)pax = 20n log o (ww D) db , (Li1-6)

respectively. If w; is defined as the 3-db point of the low-pass proto-
type response, for equal-element prototypes with all & = 1, computations

, . . .
show that @| varies with the number n of reactive elements as follows:

= 1.41 n=4 w), = 1,65 . (trr-7)



'
1

- w,)/w,, where Af is the bandwidth at the 3-db points, as indicated

Using w, defined in this way, w is the fractional bandwidth w = Af/f0 »

(w
inZFig. [II-1. Tt is interesting to note from Eqs. (I[I-5) and (ITI-7)
that, for a given resonator slope parameter for the resonator, adding
one resonator so as to total two will increase the 3-db stop-band width
by a factor of V3, but from there on, adding more resonators with the
same slope parameter will cause the 3-db stop-band width to become
narrower. However, adding more resonators will cause the peak attenu-
ation (L‘)m-' to be larger, and the bandwidth at, say, the 20- or 30-db

attenuation levels should he greater.

C. DETERMINATION OF FERRIMAGNETIC-RESONATOR
AND COUPLING-STRUCTURE DIMENSIONS

[f in Fig. TII-3(b), a short circuit is placed across the transmission
line just to the right of the resonator, and if the line to the left of
the resonator is terminated in a conductance G = Y , by Eq. (III-2) the

circuit will be seen to have a 0 of
b
3
@), - T (111-8)

The Q here has been designated Q, because this ) corresponds to what is
commonly called the external Q of a resonator, t.e., the Q that a reso-
natoE’would‘have if its internal losses were removed and it were loaded
only by the external circuit to the left in Fig. ITI-3(b). Note that
(Q,), above is the same as the normalized resonator slope pafameters in
Eqs. (4) and (5) of Fig. III-7, and in Eq. (IlI-5). Thus, we shall find
that existing data for determining the external ) of YIG resonacors in
short-circuited strip-line and waveguide structures will prove very
useful in band-stop filter design, as well as in the determination of
the linewidth of ferrimagnetic crystals (a subject to be discussed in
Part E). The short-circuit condition imposed to obtain Eq. (III-8) is,
of course, hypothetical as far as band-stop filters are concerned. But
imposing this hypothetical short-circuit provides a convenient way for

establishing the /()/Y0 ratio of a YIG resonator coupled to a line.

P. S. Carter Jr. has derived equations for the external Q of YIG

ferrimagnetic resonators in strip-line and in waveguide structures?
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9 (Carter's

and has also prepared easy-to-use charts for certain cases.
% are reproduced in Figs. III-8 and 11I-9. The chart in Fig. I11-8

gives the external Q of a YIG-sphere ferrimagnetic resonator in a 50-ohm

charts

strip-line structure, where the sphere is assumed to be placed close to
a short-circuit in the structure, or at some multiple of a half-wavelength

from the short-circuit. Figure [II-8 gives 9, for given sphere diameter

D, and strip-line to ground-plane spacing d, both in inches. The chart

given applies specifically to a 50-ohm strip line and to YIG (which has
a saturation magnetization of 4n¥, = 1750 gauss). This chart can be

adapted for use in other situations by use of the formula

Z
s0 (Z0\ 1750\
Qe = (Qe)chlr'- Z") (Zé) (4”“,) (T11-9)

is the value of Q_ obtained from‘Fig. II1-8 for the given

where (Qe)chlrt
values of d and D_, Z; is the actual characteristic impedance of the strip
line to which the ferrimagnetic sphere is coupled, and 47, is the satu-

ration magnetization of the ferrimagnetic material in gauss. The impedance

Zo indicated in the formula will now be explained.

As mentioned in Part A, the filter in Fig. IIlI-5 utilizes a low-pass
filter structure heving sections of high-impedance line to simulate series
inductances, and sections of low-impedance lines to simulate shunt capac-

itances. Such structures can be designed on the image basis,* from

5,8 10

lumped-element filter prototypes, or from step-transformer prototypes.”
In the pass band of this filter, the structure can be viewed as operating
like an artificial transmission line of image impedance Z, = 1/Y,, whicﬂ
corresponds to the characteristic impedance Z, of the uniform strip line
in Fig. III-2. However, though the effective line impedance that the
ferrimagnetic resonators observe is Z,, the resonators are actually
coupled to short line sections of much higher impedance 7,. Thus, if

Z, = 50 ohms while Z;, = 100 ohms, the resulting Q, value will be
(50/100)2 = 0,25 times what it would be if the sphere were coupled to a
uniform 50-ohm line (case of 2, = 1/Y, = Z; = 50). This Q, value of
one-fourth the size corresponds to a considerably tighter coupling be-
tween the line and the sphere, and would result in a broader stop-band

width and higher peak attenuation (L,)_,,.
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FIG. [11-8 CARTER'S CHART OF Q_ vs. SPHERE DIAMETER FOR A SPHERICAL YIG
RESONATOR IN SHORT-EIRCUITED, SYMMETRICAL STRIP TRANSMISSION LINE
In the equation shown, L., is the permeability of the region about the sphere,
Wy = YigM,, Y = 1759 % 10'! in mks units, V,, is the volume of the sphere, ond
Z,, is the impedance of the strip line (Z,+ = 50 ohms for the graph)
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FIG. Ill-9 CARTER’S CHART OF Q_ vs. SPHERE DIAMETER OF SPHERICAL YIG

RESONATOR LOCATED AT A HIGH-CURRENT POSITION IN
SHORT-CIRCUITED TE,, RECTANGULAR WAVEGUIDE

In the equation shown, 1., is the permeability of the region about the sphere,

m

the sphere)
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Carter’'s chart in Fig. I1I-8 was derived using a mathematical model,
which assumed a strip line with no fringing capacitance. Thus, as the
strip line becomes sufficiently narrow so that fringing effects influence
the RF magnetic field seen by the sphere, the chart will become less
accurate., Caution must also be taken in using too narrow a strip for
coupling to the sphere because, if the RF magnetic field is very non-

uni form, higher-order magnetostatic modes will be excited.

Figure I11-9 shows an analogous chart for a YIG sphere next to a
short circuit (or a multiple of a half wavelength from a short circuit)
in S-band, C-band, X-band, and Kl/-band standard rectangular waveguide.
In this case, Eq. (III-9) is replaced by

b' b" 1750
Q = Q) hure (‘;) <T') <4,,,,> (I11-10)

where b is the height of standard guide as indicated in Fig. T11[-9, b’

is the height of the guide actually used in the vicinity of the sphere,
and b" applies to the case where a corrugated waveguide structure is
used*%® (which provides the analogous waveguide filter to the strip-line
filter in Fig. ITI-5). The waveguide height b" is the height of guide
that would have the same characteristic impedance as the corrugated

waveguide structure. If the waveguide structure is not corrugated, b" = h',

D). EXPERIMENTAL RESULTS

Two experimental strip-line structures were fabricated in order to
test the theory discussed above. Filter 1 had the -following construction

and parameters:

(1) Physical form as in Fig. III-2, with a 50-ohm strip line
having a strip-line to ground-plane spacing of @ =0,110 inch
(and a ground-plane to ground-plane spacing of 0.240 inch).

(2) Two YIG-sphere resonators of diameter D = 0.072 inch
located beneath the strip line and spaced 0.90 inch apart
from center to center.

The YIG spheres were mounted on small dielectric rods, which could be
rotated so as to tune both spheres to the same resonant frequency!! (by
adjusting the effect of the crystalline anisotropy field on the resonant
frequency).
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Table 111-1

MEASURED PERFORMANCE. OF BAND-STOP FI1LTER NO. 1
(The filter had two resonators and was of the form in Fig. [11-2)

PPROX.
! ) af of A
0 Almax | weacine . . MAJOR
Gy | tam) | FRAT | SO | oeraced)” | SPUNTOUS HESPONSES
2.0 8.5 13,6t 8.3 730 2-db high at
)l = 700 versted®
2.2 | 22.5 12.5 9,2 745 0.4-db high at
1 = 520 oersied®
3.0 | 32,0 | 15.2 12.5 1000 None observed
4.0 35.2 18.3 16.2 1450 0.1-db high at
: i /1 = 1510 oersted*®
5.0 36.8 19,4 20.3 1570 0.8-db high at
1l = 1720 oersted*
6.0 | 34 | a2st | o3 1900 One, 1.4-db high
| foc !l = 2090 0ersted.
Another, 0.5-db
high for
| /1 = 2200 oersted.*

.
As measured approximately, with a gaussmeter,

¥ These oversized Af values are believed to be due Lo the close
proximity of spurious responses.

Table IIT-1 shows the measured results obtained with Filter 1. For
resonance at f, = 2.0 Gc, the biasing magnetic field is not sufficiently
large to permit very good operation, bhut ahove approximately f, = 2.2 Ge¢
the performance is reasonably good. Note that (Lﬁ)max is 32.0 db for
fo = 3.0 Gc and increases for larger values of f,. The 3-db bandwidch
Af (see Fig. TIl-1) was measured,. and also computcd using Eqs. (IT1-5),
(I[I-7) for n = 2, (III-B), and Fig. [Il-8 (which gave N, = 170). Note
that except for the sizeable errors at fo = 2.0 Ge and fo = 6.0 Ge,
which are believed to be due to the proximity of spurious responses, the
agreement hetween computed and measured values of Af is recasonably good.
Since spurious responses (see Fig. IIl-1) due to magnetostatic modes
are always an important consideration in filters using ferrimagnetic
resonators, the major spurious responses that were observed are noted
on the right side of the table. These responses were observed by holding

the signal frequency constant at the indicated value of fo while the

In al) the measured dats in this part and in Part E, Af was messured by interpolating from
cavity wavemeter data using s swept signal generstor and an oscilloscope. Thus the dats
for Af are probably accurste to only plus or minus s few tenths of & megacycle.
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biasing magnetic field was varied. Except at 2.0 Gc, which was out of
the good operating range of the device (and possibly at 6.0 Gc, where
there was a 1.4-db high response), the spurious response activity was

quite small.

It is well known that if a ferrimagnetic resonator has sufficient
power incident upon it, it ceases to perform as a high-Q resonator.
(This property is utilized in YIG limiters.) 1In the case of a band-stop
filter, this means that the attenuation of the resonators will disappear
if the incident power is large enough. Figure I[I-10 shows the results
of tests on Filter 1, which were made in order to determine the satura-
tion characteristics of the filter. As expected, the attenuation dropped
for a relatively small amount of incident power at 3000 Mc, but no satu-
ration was observed at 6000 Mc for the amount of power available from
the signal generator being used. The low saturation level, which occurs

in the vicinity of S-band, is due to the fact that the spin-wave manifold
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for YIG overlaps the uniform-precessional mode in this frequency range,
and non-linear coupling sets in between the uniform-precessional mode

and the spin-wave modes at quite low power levels.!? Now the frequency
range where there will be a large number of spin-wave modes with resonant
frequencies which overlap that of the uniform precessional mode extends

up to the frequency‘2
N
(fdue = (5)(2.8)(4WM}) Me (IT1-11)

(and somewhat beyond), where in this equation 47M_ is in gauss. For YIG,
which has 47M_ = 1750 gauss, Fq. (III-11) gives (fo)Mc = 3270 Me. In
order to prevent saturation ef{fects from occurring at low power Jevels
at S-band, it 1s necessary to use a ferrimagnetic material such as
gallium-substituted yttrium-iron-garnet (Ga-YIG), which has a lower value
of 47M,. In the case of this particular device, no tests were made to
determine the actual power levels for saturation at frequencies above
S-band. However, Carter™? found that in an Y-band band-pass fitter
having a YIG resonator, 10 watts of incident power were required before
saturation effects were apparent. In the case of an analogous X-band
band-stop filter, saturation effects would be evident at a somewhat lower
incident power level (estimates indicate at ahout a 6-db lower power level),
but the saturation effects would probably increase with power very gradu-
ally if the band-stop filter had multiple resonators. This is because
the second band-stop resonator would not saturate until the attenuation
of the first band-stop resonator was very low, so as to let most of the
incident power by. Also, the tighter the coupling between the transmission
"~line and the ferrimagnetic resonators (i.e., the smaller the 6i/Yo)' the
larger will be the power handling ability of the filter. This is because
as the resonator couplings get tighter, more power is reflected at reso-

nance and less is absorbed by the resonators.

It was next desired to test the feasibility of increasing the coupling
between a strip transmission line and a YIG sphere by coupling the sphere
to a line of relatively high impedance Z, while the effective line im-
pedance into which the sphere operates is a lLower impedance 7, This is
the situation discussed in Parts A and C above with respect to Fig. IIlI-5.
A rough approximation to this type of operation for the case of one YIG

resonator was ohtained by removing one of the YIG resonators of Filter 1
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FIG. 111-11 NOTCHING OF STRIP LINE TO INCREASE
COUPLING TO A YIG RESONATOR

and notching the strip line in the viecinity of the other resonator, as
shown in Fig. [il-11. The sphere was coupled to a line section of im-
pedance Z;; since the notched region was quite short, the terminating
impedances seen by the sphere were still approximately 50 ohms (thongh,
of course, as the notch was cut deeper ngater deviation from this
desired condition occurred). One of the main objectives oF this experi-
ment was to determine how narrow the strip line could be cut without
causing a sizeahle increase in spurious response activity. A secondary
objective was to verify further the validity of the design theory

discussed above.

As the depth of fhe notech in the strip line was increased, (LA)mn-

o & 3000 and 4000 Me, and

checks were made to determine the location and size of any spurtous

and the 3-db bandwidth Af were measured for f

responses. No appreciable increase in spurious response activity was
noted until the strip was notched so that »' = 0,072 inch = diameter
of sphere. For this case, the spurious responses rose from a few tenths

of a db in height to somewhat over a db.

After approximating the resonator susceptance function by

f - fo
B - 9 |——— (111-12)
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where 4 is the resonator susceptance slope parameter, it is easily shown

that for a single-resonator band-stop filter structure

v /o (111-13)
Yy, ¢ 25f

where Af is the 3-db bandwidth defined in Fig. I[l-1. Table IIl-2 shows
the values of (L,) . and Af measured for fo = 3000 Mc; the value of Q,
obtained from Eq. (III-13) above is compared with the value computed
using Eq. (IIT-9). Note that by notching the strip line, very sizeable
increases in (LA)m.x and Af were obtained, as expected; the values of Q,
computed from the measured data agree reasonably well with the data ob-
tained using Fig. III-8 and Eq. (IFI-9).

Table I[I1-2

EFFECT AT f,=3000 Mc OF NOTCHING A 50-0HM STRIP LINE
TO INCREASE COUPLING TOA YIG SPHERE
(A single 0.072-inch diameter YIG sphere was used
and the line was notched as shown in Fig. IIl-11)

v’ Zo | e | & 7o ¢
Ginches) | (Ohms) | (db) | (Me) | ¥ = 557 | By EQ. (111-9)
0.252* 50 125 | o 167 170
0.152 74 20.8 |17 88 78
0.102 93 24.5 | 28.6 52 49
0.072 110 24.0 | 36.8 ] 35

Case of no notch. In the desifn of the strip line, the
fringing capacitance between the line and the side walls
of the outer structure were taken into account, since the
side walls were only 0.100 inch from the edges of the line
when »' = 0,252 incz.

The experiment described above verified that the coupling ta a
ferrimagnetic resonator can be considerably inc?eased in a strip-line
structure if the sphere is coupled to a line section of relatively high
impedance Z;, while the effective line impedance is of lower value Zo'
However, the notch shown in Fig. [1I-11 can cause an appreciable VSWR,

and a low-pass structure, such as that in Fig. III-5, is preferable. To
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test this principle, Filter 2 (shown in Fig. III-12) was fabricated.
This is a low-pass filter structure that was designed from a step-
transformer prototype as discussed in Sec. 7.06 of Ref. 5, though other
methods could also have heen used. The structure of Filter 2 had the

following properties:

(1) A Z; = 50-ohm input line was followed by a low-pass struc-
ture consisting of a short section of 7% = 91 ohm line,
followed by a low-impedance section of 26 ohms impedance,
followed by another section of Z; = 91 ohms, followed by
an output line of Z4 = 50 ohms. The low-pass structure
was designed to match Zg = 50 ohms in its pass band.

(2) The cutoff frequency of the low-pass structure was 4000 Mc,
so all desired signals should be below this frequency.

(3) The two 9l-ohm line sections were each 0,221 inch long,
and the 26-ohm line section used Rexolite 1422 dielectric
and was 0.139 inch long. The 50-0hm input and output
line sections nsed Rexolite 1422 dielectric for rigidity.

(4) Provision was made forvmounting a YIG sphere on a rod at
the center of each Z; = 9l-ohm line section. In order to
reduce possible coupling between the two spheres, one
sphere was mounted above, the other below its adjacent
91-ohm line section. The resonators were each mounted
with a [110] crystal axis parallel to the mounting rod
axis; the resonators were tuned by rotating the spheres
about this axis (which was perpendicular to the biasing
field 11 ). "

When the filter was tested with two spheres, it was found that there was
appreciable direct coupling between the spheres, in spite of efforts to
avoid this difficulty. This coupling evidenced itself by interaction
between the two spheres when either was tuned. Because of this, only

one resonator could be used satisfactorily in this structure.

Tests were made on Filter 2 using one YIG sphere; Table III-3 sum-
marizes the results. Note that the measured and computed values of Q,
again agree reasonably well. The quantity on the right is the unloaded
Q. Q,. This was computed from the measured data by procedures (to be
discussed in Part E, following).

In order for a filter structure such as Filter 2 to work satisfac-
torily with two or more spheres, it appears that the spheres would have
to be spaced so that the electrical distance between them is approximately

37/2 radians instead of 7/2 radians in the operating range. This would
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FIG. I11-12 FILTER 2, WHICH UTILIZES A LOW-PASS FILTER STRUCTURE
TO ENHANCE THE COUPLING BETWEEN THE MAIN LINE
AND EACH YIG SPHERE

A YIG sphere is shown mounted in the structure

38

o et . -

L



Table I11-3

M!’.AS(BHD RESULTS OBTAINED ON PHE FILTER STRUCTURE IN FIG. [11-12
TTTUSING ONE 0,072- INCH DEAMETER Y16 RESONATOR

fo of . (L.I )umx 0 = ,_0 ‘ (,F “
Me) | (e (db) e T aaf | BY By (LIF-93 "
2200 | 26,2 1in.e | 420 | 49.0 283
3000 | 26.7 21.3 56.2 [ 49,0 1039
4000 | 41.3 | 23.5 | 48.5 »1 49.0 1460

make the direct coupling hetween resonators negligible, but this arrange-
ment would also tend to limit further the tuning range over which full
use of the resonators can be made. (1f two band-stop resonators are
separated by an odd multiple of 77/2 resonators, the total db peak atten-
uation will be approximately twice the Jb peak attenuation of either
resonator alone. If two resonators are separated by a multiple of
radians, the total db peak attenuation will be only about 5 db wmore than
that for one resonator alone.) However, if the structure had been fab-
ricated more as shown in Fig. II[-5, where metal capacitor blocks are
used, the metal blocks might have been helpful in eliminating direct
coupling hetween resonators. (In Fig. IIT-5, mounting the middle sphere

ahove the strip line instead of below should also help.)

K. A SIMPLE PROCEBURE FOR MEASURING THE LINEWIDTH
OF GABRNET RESONATORS

Operating a garnet sphere as a single-resonator band-stop filter
provides a simple means for determining the resonance linewidth AH of
the garnet material. We shall now describe the necessary equations and

procedures.

The effect of the internal loss in a garnet resonator in a band-stop
filter can be represented by a conductance G_ in parallel with the L anil
C in Fig. [LI-3(b). Then the unloaded 7) of such a resonator is 2,= ﬂfﬂ$,
where 3 is the resonator susceptance slope parameter. Using this deflini-
tion of O, along with _ - /Yy, by straightforward circuit analysis it

is casily shown that, for a single-resonator band-stop filter,

0= 20 (4 - 1) (L1

L}

39




where

(LA)M|
A = antilog,, —s— (LI1-15)

and (L,)_ . was defined in Fig. III-1. Now Q, can also be expressed as

Q, = - | (I1I-16)

where H  is the dc biasing field strength at resonance, and M is the
resonance linewidth.! WNeglecting the effect of the anisotropy field on

the frequency of resonance,

(fo) e
II0 = -—5—5—— oersted (I1r-17)

where (_fo)uc is in megacycles. By Egs. (I1I-14), (i[[-l6). and (TII-17),

(fO)Mc
A = =————————— oersted . (ITI-18)
5.60,(A - 1)

Since for strip-line and waveguide configurations, (), can be obtained
directly from the -information in Part C of this discussion, AH can be

max

determined by measuring (L,), and then computing A from Eq. ([I1-18).

This writer (G. L. Matthaei) found from discussions with
Dr. K. L. Kotzebue of the Watkins-Johnson Co. that Dr. Kotzebue has been
obtdaining linewidth measurements by making band-stop tests, then apply-
ing the approximate formula

(Af)uc
= _ETE;? oersted (111-19)

where (Af)uc is the bandwidth defined in Fig. Il1I-1 in megacycles, and

A is given by Eq. (III-15). Equation ([IL-19) can he derived from

Eqs. (III-16), (IIT-17) and Eq. (8) of Ref. 14 (by Kotzebue). Because
of certain approximations involved, this formula should be most accurate

if (L,),,, is sizeable.
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Dr. Kotzehae and this writer made some trial tests and comparved the
two procedures just discussed. The results were 1n encouragingly good
agreement, For example, Table T111-4 shows the results of a series of
tests on garnet spheres tested in standard X-hand waveguide. The spheres
were mounted in the guide by inserting them in a piece of polyfoam, which
was slipped into the guide. No effort was made to nrient the crystal
axes in any special way. For each case, (L,) _ and Af were measured,
and AH was computed both by Eq. (1T1-18) and (I[I[-19). Note that the
two values of A are, for the most part, in good agreement, especially when
considering that the accuracy in measuring Af was probably only to a

few tenths of a megacycle.

Table [11-4

RESULTS OF SOMF LINEWIDTH TESTS ON YIG AND Ga-YIG SPHERES
IN X-BAND WAVEGUIDE

SPHERE "(L,) . )

. R | ATmex I oAf | A, EQ. (I11-18) | o, EQ, (I1I-19)
MATERIAL ?‘1:!:::]:? {db) (Me) | (oersted) ‘ (oersted)
YIG . 0,072 | 19,5 1.0 0.43 0.42

' Ga-YIG . 0.071 10.5 6.7 0.7
ol = ‘ ! 0.1
920 Gauss
YIG 0.049 1.6 3.5 0.35 ‘ 0.33
YIG : 0.040 11.6 | 3.0 0.35 0.28
YIG 0.041 7.7 3.5 C0.44 ‘ 0.52

Due to certain approximations involved, Fg. (1[1-19) can be expected

to deteriorate in accuracy if (Ly) poy, 18 not sufficiently large [i.e.,
probably (L, ) _  shonld be around 10 db or more]. Some experimental re-
sults suggest that Eq. (TI1-18) will also give better results if (L,)
is around 10 db or preferably larger (though the need for this has not
been fully checked at this time). Thus, it is recommended that a wave-
guide or strip-line structure be used that will give a reasonably tight
coupling between the sphere and the structure. (A 0, value hetween 500
and 1000 is satisfactory at X-band for most cases.) In waveguide struc-
tures, reduced height waveguide will he required in cases where the

waveguide cross-sectional dimensions are very large compared to the
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sphere diameter, but caution should be taken that the height of the guide
is not reduced so much that the close proximity of the metal walls de-
grades the unloaded Q of the garnet resonator. A guide height of three
times the diameter of the sphere is probably safe. Similar considerations
hold when making tests using strip-line structures. Caution should also
be taken to ensure that tests are not made at frequencies where a spurious

response is very close to the main response.

The two test procedures described above are both quite simple and
easy to use, but the one hased on Fq. (I[I-18) appears to be especially
convenient, since it only requires that (LA)m_x be measured (no bandwidth
measurements are needed). As can be seen from Tahle TIl-3, the tests can
be made in standard X-band waveguide for the more common sizes of YIG

spheres, and no speciai test devices are required

Mr. Ernest Stern of the Micr: wave Chemicals Laboratary, Inc. has
informed this writer (G. L. Matthaei) that H. E. iSussey of the U.S. Bureau
of Standards, Boulder, Colorado has also developed a procedure for test-
ing YIG spheres, which requires only an attenuation measurement. Mr. Stern
also reports that Bussey’s procedure is frequently used by YIG material
manufacturers. Though Bussey's procedure and that described here involve
the same fundamental physical principles, his procedure apparently uses
a different analytical point of view and has been based on the use of a
special test cavity. The procedure outlined herein appears to have ad-
vantages in that for many cases no special test device will be required

and the calculations involved are reduced to a minimum.
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IV VOLTAGE- TUNABLE FILTERS AND PHASE SHIFTERS

A. GENERAL

Voltage-variable capacitors (varactor diodes) have been employed for
a number of years as electronic tuning elements. Unfortunately, the so-
called spreading resistance of the diode, which is effectively in series
with the diode capacitance, causes the circuit performance of any given
varactor to become poorer as operating frequency is increased. Also,
each diode is limited in its range of capacitance variations. These two
characteristics combine to limit the use of varactor-tuned circuits at
microwave frequencies. One can expect, however, that solid state tech-
nology will greatly improve the quality of these circuit elements so

that, in time, their use will be greatly expanded.

Although highly selective voltage-tunable band-pass filters having
low insertion-loss cannot yet be constructed with varactor diodes at micro-
wave frequencies,!'?* a varactor-tuned resonant circuit, which is either too lossy
for a narrow-band filter or incapable of sufficient tuning range in a mod-
erately wide-band filter, is still useful as a phase shifter. This is
explained by the fact that while therewill be negligible change in attenua-
tion, there canbe a large change in phase shift if the pass band is tuned
to move back and forth a small amount. A relatively small tuning rangeis
required to obtain auseful amount of phase shift, because the total phase
variation. with frequency is 180 degrees per resonator withmost of the varia-
tion occurring in and near the pass band. Thus, a band-pass filter consist-
ing of several resonant circuits should be tunable so that a phase change of
(plus orminus) 90 degrees or more is obtained (at a given center frequency)
with negligible change in signal level. It would be necessary to tune the
center frequency by some amount less than the filter bandwidth and still
maintain the shape of the pass band sufficiently well so that dissipation

loss at center frequency remains unchanged.

In view of the above prospects and possibilities, Part Band Cdiscuss
circuit configurations that could be used for either band-pass filters or
phase-shifters. Tuning range and dissipation loss are considered. PartD

gives some numerical examples.

.
Referemces for Sec, IV are grouped st the emd of the section,
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B. RESONANT CIRCUITS
EMPLOYING VOLTAGE-
VARTABLE DIODES

IFigure IV-1 shows a

parallel LC resonant circuit

NA- 34420 in which the varactor diode
comprises the total circuit
FIG. IV-1 A RESONATOR WITH DIODE- .
CAPACITANCE TUNING — THE capacitance. 0, theQ of
Q OF THE RESONATOR EQUALS the unloaded circuit, equals
THE Q OF THE DIODE Q, the Q@ of the diode; the
circuit

losses occur mainly

R,.

As the circuit is tuned, it is seen from the equation

0, = wlL/R, (1V-1)

that O, increases with frequency of resonance
fixed. The tuning ratio, maximum frequency to minimum frequency, is

po= (C,/6))"% (IV-2)

It can be easily shown that Q_ can be substantially increased above

Od' provided the tuning ratio © is reduced. Two lumped-element circuits

that accomplish this increase are shown in Figs. [V-2 and 1V-3. Design

curves relating bandwidth and O-multiplication factor for these circuits
are given in Ref. 2.

In the circuit of Fig. IV-2,
c

the diode capacitance
4 18 greater than the total circuit capacitance consisting of C, and
C' in series, while in the circuit of Fig. IV-3, the diode capacitance

is less than the total circuit capacitance. Thus, by means of one of

the circuits in Figs. IV-1 to IV-3, any of a wide variety of diodes can

be used to tune a resonant circuit in a given frequency band. Of course,
the tuning ratio and 0 are different in each case and the optimum

choice depends both on those values and circuit complexity. Ilowever,
no matter what choice 18 made, one finds that Qu increases more or less

rapidly with frequency when the circuit is tuned hy changing (.
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A circuit that employs a .transmission line? in place of the added
inductor and capacitor of the previously mentioned circuits is shown
in Fig. IV-4. In this circuit: as in the lumped-element circuit, Q,
is enhanced. Not only is the Q of this circuit greater than the diode
Q, but the designer has sufficient circuit parameters available that
he can favor either the low end or the high end of the tuning range
with respect to enhancing the diode Q. This is accomplished by judicious
choice of Zg, 8' and n in Fig. IV-4. It is, of course, necessary to

satisfy the resonance equation

tan 8' = 1/uC,Z (IV-3)

where the electrical length 8' < 7/2. (Although the total length of
transmission line is constant, the nodal point shifts as frequency is

changed and the quantity 6’ is thus a somewhat complex function of frequency.)

Cy
E # ca | | o
L
P4 L k I cp
(: Rd ! Rd‘
FIG. IV-2 A RESONATOR WITH DIODE- FI1G. IV-3 A RESONATOR WITH DIODE-
CAPACITANCE TUNING CAPACITANCE TUNING
AND AN EXTRA CAPACITANCE C, AND AN EXTRA CAPACITANCE C,
TO ENHANCE THE Q OF THE TO ENHANCE THE Q OF THE
DIODE DIODE

C. TWO NEW CIRCUITS THAT ALLOW ADDITIONAL DESIGN FLEXIBILITY

The variation of the resonator Q 6 with frequency is determined by
the particular circuit and element values chosen; although many choices
are available to the designer in circuits of Figs. IV-1, IV-2, and
IV-3, the @, at each end of the tuning range is always different some-
times greatly so. However, greater design flexibility is afforded by
the circuit of Fig. IV-4 with respect to controlling this Q-variation.
This design flexibility can also be obtained in a slightly more complex
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FIG. 1IV-4 A TRANSMISSION LINE
RESONATOR TUNED
BY THE BARRIER
CAPACITANCE OF A
BACK-BIASED DIODE

lumped-element resonator circuit,
of Fig.

Fig. TV-6.

with a Q-multiplication factor that-can be

as shown
[V-4 also can be slightly modified

These circuits can be designed

e oy ok N -

RA ajae 2

FIG. IV-5 A RESONATOR WITH A PARALLEL

(Lp€po) NETWORK IN SERIES WITH
THE VARACTOR TO ENHANCE THE
DIODE Q IN A CONTROLLED
MANNER

in Fig. 1V-5. The circuit
to produce the circuwit of
to Lncrease Oh above Qd

independently controlled

for two points in the tuning range, as cxplained below.

In Fig. 1V-5, an auxiliary circuit composed of inductor LV

and

capacitor c, in paralle! is in series with the main inductor L and the

varactor diode. The resonant frequency w, = ]/VLP(,'P of the auxiliary

circuit LPCP is below the parallel-resonant frequency w_ for the over-all

circuit, and has an effect on w similar to the series capacitor C' of

the circuit of Fig. TV-2,

However, the auxiliary circuit susceptance

is not a linear function of frequency, as is the susceptance of a

NODAL POINT
Cq Rq
WA
WV
o/c z, .
' {2nen) A ' e’l-'
4 w
0< @' <90°
n=012...

FIG. IV-6 AN OPEN-CIRCUITED TRANSMISSION
L.INE RESONATOR TUNED BY
DIODE CAPACITANCE
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capacitor. In the limit (the case of
a very low resonant [requency of the
auxiliary circuit) itseffect in the
network at the operating frequency
approaches that of a series capaci-
tance, while for a resonant frequency
that is close tobut stightly less
than the operatiung frequency, its

In particular,

effect is more complex.

it tends to raise the circuit /)



more near the low end of the tuning range than near the high end. The ¢
expression for Q, of the circuit in Fig. IV-5 is, for any frequency of i

resonance w' ’

0 hd (IV-4)
0, T

3

where the reactance slope parameter” o is defined (in the notation used

here)

“, dx
€ % — (1v-5)
2 dw ) ..
r
and X, the total series reactance, is given by
L
1 S )
X = ol - + (= ) (1V-6)
oG, C JwL = 1/aC
. P 4 4 .

The factor on the right in Eq. (IV-5) is found to be

{ 1 (w":CdL"l>’]

= 2L A—|— (1V-7)
! 2 )

w=w | LP wrcd

from which equation, combined with Eqs. (IV-4) and (IV-5), the Qu of the

dX

dw

circuit may be obtained. The behavior of dX/dw can be easily visualized

by examining Fig IV-7, which is a plot of the reactance X for the two

cases where w, is near and far from the operating range. It is evident
that the slope of the curves of the circuit reactance at a resonant
frequency (the figures show X for the two cases where the varactor is

tuned for circuit resonance at w, andaﬁ) is little affected by the pole

at @, in Fig. IV-7(b). 1In Fig. IV-7(a), where @, is close to the operating
range, the slope at resonance is much affected by the nearby pole @,
particularly at the lower portion of the operating range, as indicated

by the dashed curve with resonant frequency «, in Fig. 1V-7(a). Note

the spurious pass band below @, in Fig. V-7, *
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FIG. IV-7 LOOP REACTANCE DIAGRAMS OF CIRCUIT OF FIG. IV-5

The transmission-line resonator circuit of Fig. IV-6 is similar
to that of Fig. [V-4, except that the short-circuit termination of
Fig. IV-4 is replaced by an open-circuit in Fig. [V-6. All other
things being eqnal, the total line lengths for the two circuits must
differ by A /4 and the corresponding Q, must be different (in the
same sense). It is reasonable to suppose, therefore, that the design
graphs that give the Q-multiplication factors for the circuit of
Fig. IV-42 can he adapted for the circuit of Fig., 1V-6 by interpo-

lation. For example, a curve for the circuit in Fig. IV-6 could be
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sketched in about midwa& between curves n = 1 and n = 2 in Fig. 27-7,
p. 458, of Ref. 2. The approximate handwidth contraction factor for
this circuit could be obtained by interpolating between Figs. 27-4,
-5, and -6 in Ref. 2.

D. A DESIGN EXAMPLE

In order to compare the circuit of Fig. IV-5 with the earlier
forms of resonators shown in Figs. IV-2 and IV-3, a design example was
worked out using the same input data that was used in designing the

latter two circuits (see Table IV-1). For the particular diode chosen,

Table TV-]
COMPARISON OF RESONATOR Q*s OBTAINED WITH THE CIRCUITS
OF FIGS. 1V-2, IV-3, AND IV-5
Fxample: (C, /C, ) =2.5 (Q).;. =40, (Q,),, = 100
ax min

For Frequency Range 1000 to 1100 Mc

TYPE OF RESONATOR [ (@) _ | 0, e
min max |
Fig. V-2 138 710
Fig. TV-3 284 347
Fig. 1V-5 300 300
with C, =Cy4y = 10 pf and C, = Cyy = 25 pf, the values of Q  at

i
the extremes of the tuning ranag‘were made to be equal with 0 = 300

for the circuit of Fig. IV-5. This compares with the unequal values
of Q, at the extremes of the tuning range for the other two circuits.
The element values for the circuit of Fig. IV-5 are L = 0,00585 uh,

L’ = 0.0134 uh, Cp = 7.4 pf. The parallel resonant frequency of the

auxiliary circuit is fp = 510 Me.

These design values were ohtained by the following method: We first
note that there are three conditions to be fulfilled, namely, the circuit
must be resonant at 1000 Mc when Cia = 25 pf, and at 1100 Mc when Cyy =
10 pf, and the Q,’'s must be equal at these frequencies. The resonance
condition is given mathematically by setting Eq. (IV-7) equal to zero

at @, and w,.
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Thus ;
i
L
1 1
wl - H=) ——— = 0 (1V-8)
@,C 4y CF wle - ]/mlCP
and
L :
1
w,l - +< "> _1 =0 . (IV-9)
@, Cyy \Cpf @ak, = 1/myC,

The equal Q condition is obtained from Lqs. (1V-4), (IV-5) and (IV-7):

1 1\ ? 1 A
w |1 (- = wp L= (L~ (1V-10)
p aﬁﬁdz : LP wgcdl -

Although an explicit solution is possible, the quadratic form of N

- Eq. (IV-10) makes the mathematics involved; therefore, a graphical
solution was obtained with the aid of the following three equations
{derived from Egs. (IV-8) through (1v-10)):

A S (A <_) L (_) ] 1 V1D
w: - mf ‘ @y - Cy, ay ' Cqa

@, 1 2 hh 1
L, = L{——— (1 - -— 1 - (IV-12)
@y T Wy «iLC, 2 wy Ty WILC,

and ;

@ H §
L, - [L - :l [( AN I] . (IV-13) E
@{Cyy m"/ z
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e bt < $4h s e e b e e an oa e i
Finally, C' is calculated from
-1
C = —0Q . (Iv-14)
P 2L i
“plp
Equation (IV-11) was obtained from Eqs. (IV-8) and (IV-9) ‘after first %

making the substitution w:

= l/LpCp), by solving each for Lp, equating
the resulting expressions and then solving for L. Equation (1V-12) is
Eq. (IV-10) rearranged, and Eq. (IV-13) is Eq. (IV-8) rearranged, with

the above substitution made here also. When a pair of values of @, and

N ekt et s e

L that satisfy Eq. (IV-11) are found to yield the same value of LP in
Eqs. (IV-12) and (IV-13), the problem is solved. As a check, the values

of Q, are calculated at w, and w,.

1 2
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YV MEASURED PERFORMANCE OF A CAPACITIVELY LOADED
INTERDIGITAL FILTER

A. FILTER DESIGN

The resonators in a capacitively loaded interdigital filter consist
of an array of coupled-line elements, each having a short circuit to
ground at one end and a loading capacitance to ground at the other end.
The positions of the short circuits and the loading capacitances alternate
from one resonator to the next, as shown in Fig. V-1. For the particular
configuration considered here, the short circuits on the first and last

resonators are replaced by the terminating admittances. Design equations

LINE NUMBERS | 2

Cfs F c3

4
: 2 o

T

S ] ¥ g %f-'-- ]

LINE LINE
ADMITTANCE ADMITTANCE
Y A

NA-3827- 608

FIG. V-1 CAPACITIVELY LOADED INTERDIGITAL FILTER
WITH UNGROUNDED END RESONATORS

and calculated frequency responses for wide-band, band-pass filters ot
the type illustrated in Fig. V-1 were presented in a previous report,.l‘
A capacitively loaded interdigital filter has been constructed for the
dual purposes of experimentally confirming the predicted performance
and of introducing e printed-circuit-construction technique that may

prove useful in production of filters using coupled-line elements.

—
Refarences for Sec. V are growped atthe end of the section.
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This experimental filter is based on one of the designs presented
previously, along with its calculated frequency response.' The design
parameters, center frequency, and physical dimensions closely parallel
those of an interdigital filter previously constructed without capacitive
loading.? The design is derived from a low-pass prototype with eight

reactive elements and Chebyshev response with 0.1-db ripples. The

filter dimensions were calculated as outlined in Secs. VI-C and VI-D
of Ref. 1. The coupled-line elements were chosen A/8 long at the
resonance frequency @,, so the electrical length at w, is 6, = 7/4,
The lower-band-edge frequency w, wes chosen as 0.65 @,, which would
give 2.08-to-1 bandwidth if the frequency response had arithmetic
symmetry about @;. Equal terminating admittances Y, = Y, = 0.02 mho
were used. The admittance-scale parameter d was chosen as 0.65, based
on the calculated frequency responses presented in Ref. 1. The
admittance-scale parameters h, and hy were set equal to 0.25 to give

convenient widths for the coupled-line elements.*

The above parameters, used with the design equations of Table VI D-1
of Ref. 1, give the capacitances tabulated in the second, fifth, and
seventh columns of Table V-1 of the present report. The C, ,, C, ,

(:7, 8
coupled-line elements, and C,, Cyy ..., Ca are the self capacitances

per unit length from the coupled-line elements to ground. The normaliz-

are the mutual capacitances per unit length between adjacent

ing factor € is the absolute permittivity of the medium surrounding
the coupled-line elements, which is air for this filter. The Cj, ;, cee,

Cy are the loading capacitances shown in Fig. V-1.

From the capacitances in Table V-1, it is possible to find the
widths and spacings of the coupled-line elements once the ground-plune
spacing and coupled-line thickness have been chosen. A ground-plane
spacing of b = 0.625 inch was chosen, consistent with the dimensions

of the type-N connectors. Rather thin coupled-line elements were used,

The paremeters in Table VI E-3 of Ref. 1, for which h, = hB = 0.18, gsve a negstive width for the
second element and next-to-lest coupled-line element. Changing h-pardmeters raised the admittance \
level of the filter so that it could be physicalily realized. The impedance discussed under

Fqe (VI D-1) of Ref, | was found to be 51 ohms, vhich is somewhat lower than the 70-ohm value

thought to be optimum to minimize dissipation loss. Ax will be shnwn, however, the actual filter

had reasonsbly low dissipation loss,
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Table V-1

DIMENSTONS AND DESTGN PARAMETERS OF EXPERIMENTAL
CAPACITIVELY LOADED INTERDIGUTAL FILTER

¢ s c, | e b4
ko k4l h,k+l k i k k k
b € (inches) k = (inches’ (pf) (inches)

and 8 | 1.664 | 0.005t [ 0.90 | 0.376% |

(1 and 7 | 1.664 | 0.055° |1
2 and 6 | 1.249 0.086 2 and 7 [ 0.996 | o.105t | 0.83 0.3164
3and 5 | 1.348 | 0.077 3and 6 | 1.988 0.224 1.23 0,252
4 ' 1.333 0.078 4 and 5 | 1.984 0.226 | 1.26 0.254
' where
6,y = n/4 = Blectrical length of coupled-line elements at resonance

ml‘/wo = 0,65 = Ratio of lower band edge to resonance frequencies
= hp = 0.25 d = 0.65 = Admittance scale factors
Y, =Yg = 0.02 mho = Terminating admittances
L = 0.940 inch = Length of coupled-line elements
fo = 1.57 Gc = Design value of resonance frequency
b = 0.625 inch = Ground plane spacing over coupled-line elements
b' = 0.084 inch = Ground plane spacing over capacitive-loading tsbs
t = 0.024 inch = Thickness of coupled-line elements
St pey = Spacing between kth and (k + 1)th coupled-line elements
v, = Width of kth coupled-line element
'ﬂ. = Length of capacitive-loading tab on the kth coupled-line element

Changed to 0.040 inch during tune-up procedure.
Wideh ¢:orl‘ection3 for nerrow strips used.
$ Shortened 0.10 inch during tune-up procedure.

A Shortened 0.05 inch during tune-up procedure.

since one objective was to demonstrate a printed-circuit-construction
technique for filters such as interdigital and comb-line filters. In

this construction technique, each coupled-line element consists of two
thin copper strips of equal width, one on each side of a sheet of dielectric. The
dielectric sheet provides mechanical support for the thin copper strips.
In the gap between adjacent coupled-line elements, the dielectric sheet

is removed by machining or punching so that all modes within the filter
propagate at free-space velocity. Certain of the design curves,® however,
are available only for coupled-line elements that are of solid metal.

In order to be able to use the available design curves without introducing
significant errors, the thickness of the coupled-line elements was chosen
small compared to both widths and spacings of the coupled-line elements.
An available sheet of copper-clad dielectric of total thickness ¢ =

0.024 inch was used in this particular filter.‘ Having fixed the ground-
plane spacing and the coupled-line thickness, the coupled-line widths
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and spacings were found as outlined in Sec. V1-C of Ref. 1. These

o Vo -G IO 4 0 e g - .,

dimensions are shown in the third and sixth columns of Table V-1.

The type of loading capacitances used with this filter is
illustrated in Fig. V-2. One end of each coupled-line element projects

into a region where the ground-plane spacing is reduced from a value

©

‘«\x\\l\\\\ﬁ

|,

»

COPPER CLADDING

DIELECTRIC

b

]
, iz

ROUND. PLANE

RA-4344-

FIG. V-2 TYPE OF LOADING CAPACITANCE USED AT THE END
OF EACH COUPLED-LINE ELEMENT

b to a value b', where b’ << b. This forms a parallel-plate capacitance,
Cp, between each side of the coupled-line element and the ground planes.
There also exist, however, significant fringing capacitances, whose
values must be estimated. The side fringing capacitances, C_, and the
end fringing capacitances, C,. can be estimated with fair accuracy
using the fringing per unit length from the corners of an isolated
solid conductor of thickness t between ground planes spaced b’ apart.3+*
For the fringing capacitance C’ external to the capacitive gap, accurate
data do not exist. The approach used to estimate C, was to start with
the data of Whinnery and Jamieson® for the capacitance per unit width

at a change from height %(b - t) to height %(b' - t) in parallel-plate
transmission line. An estimate for C_ was obtained by multiplying

this capacitance per unit width by an effective width that was 20 to

45 percent greater than the actual width of each coupled-line element.
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Using the approximations described in the preceding paragraph,

it was found that the lengths of the capacitive-loading tabs should be
as given in the last column of Table V-1. For these particular dimen-
sions, it is estimated that the parallel-plate capacitance Cp in

Fig. V-2 accounts for 60 to 70 percent of each loading capacitance,
the side fringing C, accounts for 13 to 27 percent of the total, the
end fringing C_ accounts for about 6 percent of the total, and the
external fringing C_ accounts for only about 10 percent of the total.
Thus, a rather rough estimate of the external fringing should be
“sufficient. Because of the approximations involved in designing the
loading capacitances, tuning screws were incorporated into the filter,
Previous experience had indicated that the tuning would be most critical
for the resonators nearest to the filter ends. Thus, tuning screws
were piovided only for the first and second, and the next-to-last and
the last resonators., The tuning screws pass through the ground planes

into the capacitive gaps at the points marked a and b in Fig. V-2.*

The completed filter is shown partially disassembled in Fig. V-3.
Arrows indicate the four tuning screws that pass through the top ground
plane, and there are four more tuning screws through the bottom ground
plane in order to maintain electrical symmetry about a hypothetical
plane halfway between the two ground planes. Figure V-3 also shows
the coupled-line elements that are copper clad on a sheet of dielectric,
which is supported between the ground planes by aluminum blocks. The
surfaces of these aluminum blocks are shaped so as to make contact with
every other coupled-line element, and to form the loading capacitarnce
for the alternate coupled-line elements. The coupled lines were formed
for this particular filter by machining away portions of the copper
cladding with an end-mill tool, and by machining away the supporting
dielectric between the coupled-line elements. In a production process,
the coupled-line elements could be photo etched, and the dielectric
between coupled-line elements removed by punching. The terminating
coaxial lines are at right angles to the coupled-line elements so that
between end pairs of coupled-line elements

the spacings s, , and s

1, 7,8

In early tescs on the filter, the tuning screws were mounted just outside the cepscitive gap at the
points marked ¢ ond d in Fig. V-2, For this locstion of the tuning screws, there wes some question

as to the influence of the series inductance of the lonk tuning screws when they approached very

close to the resonstors. It wes found that sither location for the tuning screws gave acreptable
rolul;l. ) A production modeln, the twning screws could probsbly be omitted omnce the proper dimensions
were found.
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FIG. V-3 PHOTOGRAPH OF THE CAPACITIVELY LOADED INTERDIGITAL FILTER
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could be made readily adjustable. Previous experience had indicated

the desirability of providing adjustment on these spacings.

B. EXPERIMENTAL RESULTS

Two types of data were taken on the filter shown in Fig. V-3, one
being insertion loss as a function of frequency, and the other being
reflection coefficient or input VSWHR as a function of frequency. Initial
measurements for the filter as designed showed that the lowest-frequency
ripple in the pass band had an input VSWH of 2.9, which was excessively
high, and the remaining three ripples had an input VSWR of about 1.75.
Inserting the tuning screws and varying the spacings Letween end pairs

of resosators indicated that the loading capacitances had more capacity
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than desired. The capacitive tabs on the end coupled-line elements were
then shortened as indicated by the footnotes under Table V-1, The
procedure used to find the best spacings Sy, 2 and s, o between end pairs
of resonators was to observe the reflection coefficient as sampled

using a directional coupler, crystal detector, and oscilloscope while
rapidly sweeping the input {requency by meaﬁs of a backward-wave
oscillator. The tuning screws were then varied to obtain the lowest
reflection over the pass band, and a record made of the reflection vs.
frequency. The spacings between end pairs of r .sonators were then
changed, and the tuning procedure repeated. It was frund that $1.2

and s;.3 = 0.040 inch gave the lowest input VSWR over the pass band,
although spacings 0,005 inch either side of 0.040 inch gave nearly as

good results.

The measured insertion loss as a function of frequency for the
filter after final tuning is shown by the crosses and circles in Fig. V-4.
The crosses are points read from continuous curves of insertion loss
obtained with a logarithmic recorder and a mechanically driven signal
generator having leveled output. The circles are directly measured
insertion loss taken at discrete frequencies to check the automatic
equipment. The solid curve in Fig. V-4 is the calculated frequency
response based on the open-wire transmission-line equivalent circuit
for the capacitively loaded interdigital filter, (see Fig. VI E-3 of
Ref. 1). This calculated curve indicates that the resonance frequency
fo = wy/2m, is 5S-percent higher than the arithmetic average of the upper
and lower band-edge frequencies where the VSWR equals the VSWR of the
highest peak in the pass band. Applying this criterion to the measured
pass-band VSWR data gives a resonance frequency fo = 1.52 Gc, which value
was used in normalizing the experimental points plotted in.Fig. V-4. This
fo = 1.52 Ge value is about 3 percent lower than the design value of
1.57 Ge. It is seen that normalization to fo * 1.52 Ge gives good agree-
ment between measured and calculated dataalong the lower edge of the filter
response, but the upper edge of the pass band has somewhat narrower
bandwidth. This is consistent with the observation made previously
(based on the calculated frequency responses),! which is that the lower
band edge comes out nearly as specified in the design, an! the shrinkage

in bandwidth occurs at the upper edge, of the pass band.*

In the derivation of the design equations in Hef. |, the sttenuation was specified tn be a given value
at the resonance frequency, and at the lower band-edge frequency, with no specific control aveilable
over the location of the upper band edge.
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FIG. V-4 MEASURED AND CALCULATED ATTENUATION CHARACTERISTICS
OF THE FILTER SHOWN IN FIG, V-3
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The insert in Fig. V-4 shows that over most of the pass band,

T R g

dissipation loss produces an insertion loss of 0.3 db, with the loss
rising to 0.5 db at the ‘higher frequencies. Figure V-5 shows that the
input. VSWR does not exceed 1.35 over the pass band, which means that
the loss introduced by power being reflected from the filter input does
not exceed 0,1 db. The bandwidth between the frequencies at which the
VSWR = 1,35 is 1.85-to-1, as compared to 1.89-to-1 for the calculated
frequency response, and as compared to 2,08-to-1 if the frequency re-

sponse had arithmetic symmetry ahout f,.

2.0

fo=1.52G¢ 0

INPUT VSWR

fe— 1.85:1

| 1 E)
Y 08 10 1.2 [P

e+ NORMALIZED FREQUENCY

RA-4344-2

FIG. V-5 MEASURED VSWR OF THE FILTER SHOWN IN FIG. V.3

The second pass band of this filter occurs in the frequency band
4.1 < w/w0 < 4.35 (centered at 6.7 Gc) and the lowest insertion loss
observed.in this second pass band was 13 db. This is within the
second pass band predicted in Fig. VI E-5 of Ref. 1, but is only about
half as wide as predicted. All frequencies between the first and
second pass bands were checked with automatic recording equipment whose
sensitivity would show any spurious pass bands with less than 45 db
insertion loss. No spurious pass bands were observed between the first

and second pass bands.

In addition to comparing the measured performance of this filter
with its calculated performance, it is of interest to compare this filter
with another octave-bandwidth filter that does not have capacitive
loading. The predicted advantages of the capacitively loaded inter-

digital filrer over the unloaded interdigital filter are smaller size
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and greater frequency separation hetween the first and second pass bands,
as was discussed in Sec. VI-A of Ref. 1. These advantages were experi-
mentally confirmed. Other aspects of the measured performance of these
two filter types will now also be discussed briefly. Comparing Figs. V-4
and V-5 of this report with Figs. III E-3 and 111 E-4 of Ref. 2 shows
that this particular capacitively loaded filter has slightly lower VSWR
over the pass band, but slightly higher average insertion loss over the
pass band than does the particular unloaded filter in Ref. 2. The most
significant difference, however, is the somewhat narrower pass band of
the capacitively loaded filter, which is 1.85-to-1 as compared to
1.95-to-1 for the unloaded filter. Thus, the advantages of smaller

size and wider stop band obtained by the use of capacitive loading are
paid for by some loss in control of the size of the pass band. With
experience, however, it should be possible to design the capacitively

loaded interdigital filters to have any desired bandwidth.

A practical matter that requires careful attention when the printed-
circuit type coupled-line elements are used is symmetry about ahypothet-
ical plane halfway between the two ground planes, The effects of
asymmetry of the tuning screws about this plane were observed in both
the reflection coefficient and attenuation curves while tuning up the
filter. When one of the tuning screws approached slightly closer to
a resonator than did the tuning screw approaching the same resonator
from the other side, a narrow-band, S-shaped perturbation would be
superimposed on the normal reflection vs. frequency curve. When the
insertion loss was measured under these conditions, a narrow-band
region of high dissipation loss was observed over the same frequency
band as the S-shaped perturbation in reflection coefficient.* This
effect was particularly sensitive to asymmetry of the tuning screws

over the first and last resonators.

For exemple, nne S-shaped perturbation had s pesk VSWR = 1,6, which gives an insertion loss due
to reflection of 0.25 db. The measured insertion loas at the same frequency was 2 db, which was
due mostly to dissipation loss.
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This narrow-band resonance seen in the reflection coefficient 9nd
in the insertion responses is thought to be due to a mode in which there
is a potential difference between the two printed copper sheets that make
up each coupled-line element. Such a mode would have electric fields
within the dielectric sheet that supports the copper strips, and signifi-
cant dissipation loss would occur in the moderately lossy dielectric,
(tan & = 0.001, € = 2.7)* This explanation is supported.by the follow-
ing experiment. When the two tuning screws over the input resonator
are turned in until both make contact with the copper strips, they form
a good short cifcuit, and the input reflection coefficient is near
unity over the 1-2 Gc sweep range for whiéh the reflection was observed.
If either of the tuning screws is then turned out so that it no longer
touches the copper strip, the reflection vs., frequency response has a
deep dip in it at the same frequency where the S-shaped perturbation

was observed while tuning up the filter.

Although this dissipation-producing mode can exist when the printed-
circuit construction is used, it need not cause any difficulty, provided
symmetry is maintained. FElectrical symmetry is readily maintained by
watching the reflection vs. frequency on an oscilloscope while tuning
the filter. The two screws associated with a given resonator are tuned
by hand in approximate synchronism, and if an S-shaped perturbation
appears on the oscilloscope trace, one screw is turned a little more
than the other to eliminate the perturbation. This procedure was followed
in the final tuning of the filter in Fig. V-3, and only slight evidence
of dissipation loss due to the unwanted mode was observed in the insertion
less vs. frequency response. The one experimental point at w/w, = 0.84
in Fig. V-4 represents the peak of the narrow-band resonance of the un-
wanted mode. The insertion loss was 0,4 db at this peak, as compared

with 0.3 db at adjacent {requencies.

In summary, the measured performance of this capacitively loaded
interdigital filter is essentially as predicted. The input VSWR did not
exceed 1,35 over the pass band, which is somewhat better than the

For the modes in which the filter is intended to operate, the two copper strips making up esch
coupled-line element are at the same potential, and thus spproximate a solid metsl conductor,
and produce no fields within the support dielectric.
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the predicted peak VSWR of 1.76. The resonance frequency was three
percent lower than the value specified in the design. The bandwidth
was slightly less than predicted, being 1.85-to-1 as compared

to the calculated 1.89-to-1 at the band edges at which the input

VSWR = 1,35. The second pass band was at a frequency over four times
the resonance frequency, as predicted, and no spurious pass bands
were detected between the first and second pass bands. The following
factors probably contribute to the differences between the measured
and predicted performance. The coupled-line elements are each of two
thin copper strips, rather than of solid metal, which reduces the
capacitive coupling between adjacent coupled-line elements. There
may be significant coupling beyond adjacent coupled-line elements,
which was not taken 1nto account in either the filter design,.or in
the calculated frequency response. The calculation of the capacitive
tab dimensions involved estimates of several fringing capacitances,
thus tuning screws were necessary on some of the resonators. The

advantages of smaller size and wider stop band gained by the use of

capacitive loading of interdigital filters are obtained at the cost of

slightly less control over the width of the pass band.
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VI CONCLUSIONS

A. MULTIPLEXERS

A technique of designing channel separation units in which each
unit consists of & band-pass and a band-stop filter operating in con-
Junction with each other was shown to have interesting possibilities.
If both the band-pas; and band-stop filters are designed from maximally

flat, singly terminated prototypes with the same number of resonators

" in both filters, a constant-resistance input impedance can be obtained

at all frequencies. Fewer resonators can be used in the band-stop
filter than in the band-pass filter, if desired, but at the price of

some degradation of performance.

B. -MAGNETICALLY TUNABLE BAND-STOP FILTERS

Theory was presented for the design of band-stop filters from
low-pass prototypes, and a technique for enhancing the coupling to
garnet resonators was outlined. The experimental results were in good
agreement with the theory. One difficulty that arose was due to direct
coupling between the YIG spheres in band-stop Filter 2. This problem
might have been avoided by using a low-pass filter structure, which

would have provided more shielding between the resonators.

The techniques described for measuring the linewidth of garnet
spheres should be very useful, in that these techniques require no
special equipment and the tests can be made by use of a simple

attenuation measurement.

C. RESONATORS TUNED BY VARACTOR DIODES

Though resonators tuned by varactor diodes are not very practical
for most electronically tunable filter applications, such resonators
may find practical use in certain types of phase shifters where only a
relatively small amount of tuning range is required. One problem that
arises in resonators tuned by varactor diodes is that the unloaded Q
ofi»the resonator may vary greatly as the diode is tuned. However,

circuit configurations were obtained that can avoid this difficulty.
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D. INTERDIGITAL FILTER WITH CAPACITIVELY LOADED RESONATORS

The measured results on the trial interdigital filter with
capacitively loaded resonators were in good agreement with the theory.
The resulting filter was unusually compact, .and had a very broad stop
band above the first pass band. The main pass band was centered at Y
about 1.5 Gc, while the second pass band was centered at 6.7 Ge. 1In

between, the attenuation was high, with no spurious responses.
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It is anticipated that the work for the next interval will include:

(1)

(2)
(3)

(4)
(5)

PROGRAM FOR THE NEXT INTERVAL

Further work on filters with magnetically tunable garnet
resonators;

Further work on multiplexers;

Work on microwave impedance-matching filter networks for the
broad-banding of devices;

Work on filters using the circular TE;, mode; and

Work on electronically tunable up-converters.
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